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,QWURGXFWLRQ
:LWK WKH GHYHORSPHQW RI WKHPLQLDWXUL]HG WHFKQRORJLHVPLQL DQGPLFURFRPSRQHQWV DQG V\VWHPV KDYH EHHQ
ZLGHO\ XVHG LQ HOHFWURQLF HQJLQHHULQJ ELRORJLFDO DQG PHGLFDO HQJLQHHULQJ VSDFH WHFKQRORJ\ DQG RWKHU ILHOGV
6FKRODUV KROG YDULRXV SHUVSHFWLYHV RQ WKH5H\QROGV QXPEHU FRUUHVSRQGLQJ WRZKLFK ODPLQDU IORZ FKDQJHV WR EH
WXUEXOHQWIORZDQGWKHIULFWLRQIDFWRUSUHVVXUHGURSLQPLFURVFDOHKHDWDQGPDVVWUDQVIHUKDYHDOVREHHQSDLGPXFK
DWWHQWLRQ
2ZKDLEDQG3DOP>@VWXGLHGWXUEXOHQFHIRUFHGFRQYHFWLRQKHDWWUDQVIHURI5DLQWKHPLFURWXEHZLWKFLUFXODU
FURVVVHFWLRQ XWLOL]LQJ PLFUR VWDLQOHVV VWHHO WXEHV ZLWK WKH LQQHU GLDPHWHU RI PP PP DQG PP
UHVSHFWLYHO\ LQ WKH H[SHULPHQWV 7KH UHVXOWV VKRZHG WKDW WKHLU H[SHULPHQWDO RXWFRPLQJVZHUHPDWFKHGZLWK WKH
KHDWLQJWUDQVIHUULQJLQWKHWUDGLWLRQDOVL]HLQVWHDGRIWKHKHDWWUDQVIHUULQJFRUUHODWLRQVRIPLFURVL]H%UXQR$JRVWLQL
%DUEDUD:DWHO HW DO >@ VWXGLHG WKH IULFWLRQ IDFWRUV DQG KHDWWUDQVIHU FKDUDFWHULVWLFV RI 5D LQ WKH UHFWDQJXODU
FURVVVHFWLRQWXEHVZLWKVL]HRIDQGPPZKLFKLQGLFDWHGWKDWIULFWLRQIDFWRUVDQGKHDWWUDQVIHU
DUHLQDFFRUGZLWKWKHYDOXHVSUHGLFWHGE\FRQYHQWLRQDOIRUPXOD
%XW <X HW DO >@ VWXGLHG WKH KHDW WUDQVIHU RI QLWURJHQ LQ PLFUR WXEH ZLWK 5H7KH KHDW WUDQVIHU
UHODWLRQ IRUPXOD RI WKH DYHUDJH RI ZLWKLQPLFUR WXEH IRUFHG FRQYHFWLRQ KHDWWUDQVIHU 18 KDV EHHQ SXUSRVHG LQ
DGGLWLRQKLVUHVXOWVZHUHKLJKHUWKDQWKHSUHGLFWHGYDOXHVRIFRQYHQWLRQDOWXEH6XQHWDO>@UHJDUGWKDWZLWKWKH
GHFUHDVHRIIORZFKDQQHOVL]HERXQGDU\HIIHFWVFDQQRWEHQHJOHFWHG$FFRUGLQJWRWKH.Q1XPEHUWKH\DVVXPHWKDW
WKHIOXLGLVIXOO\IORZLQJUHJLRQDOO\2QWKHEDVLVRI16HTXDWLRQV>@XVLQJQXPHULFDOVLPXODWLRQWRGRUHVHDUFKRQ
IORZDQGKHDWWUDQVIHUFKDUDFWHULVWLFVRIPLFURFKDQQHO&RPSDUHWKHFDOFXODWHGUHVXOWVZLWKH[SHULPHQWRXWFRPLQJV
ZKLFKLPSURYHWKHUHDVRQDELOLW\RIK\SRWKHVLVRQUHJLRQDOIXOOGHYHORSPHQW
&XWDHW DO >@PHDVXUHG WKH1XQXPEHU LQD UHFWDQJXODUPLFURFKDQQHORIKHDW H[FKDQJHU7KH\ UHYHDOHG WKDW
XQGHUWKHODPLQDUFRQGLWLRQWKH1XQXPEHULVKLJKHUWKDQWKHFODVVLFDOWKHRUHWLFDOYDOXHDQGXQGHUWKHWXUEXOHQFH
FRQGLWLRQ1XEHFRPHVKLJKHUZLWK WKH LQFUHDVHRI5H+RZHYHUZLWK WKH VDPHZRUNLQJPHGLXPDQG VDPHKHDW
H[FKDQJHU5YHJLXXUDUMQDHWDO>@PHDVXUHGWKHFRQYHFWLYHKHDWWUDQVIHUULQJFRHIILFLHQWVLQWKHPLFURFKDQQHOZLWK
WKH KHLJKW RI PPDQG WKHZLGWK RI PP7KH FRQVHTXHQFHV LQGLFDWHG WKDW IRUFHG FRQYHFWLRQ KHDWWUDQVIHUULQJ
FRHIILFLHQWRIVLQJOHSKDVHIORZLQPLFURFKDQQHOLVaKLJKHUWKDQWKHFODVVLFDOWKHRUHWLFDOYDOXH
$VFDQEHVHHQIURPWKHOLWHUDWXUHWKHUHLVVWLOOQRDFFHSWHGFRQFOXVLRQVRIDURQKHDWWUDQVIHUFKDUDFWHULVWLFVRI
PLFURWXEHV VRPH HYHQ JRW RSSRVLWH FRQFOXVLRQV )XUWKHUPRUHPRVW RI WKH SUHYLRXV UHVHDUFKHVZHUH SHUIRUPHG
EDVHGRQVLQJOHWXEHDQGIRUWXEHEXQGOHWKHLQWHUDFWLRQHIIHFWDPRQJWXEHVRQKHDWWUDQVIHUSHUIRUPDQFHLVWREH
UHYHDOHG
,QWKLVSDSHUZHLQYHVWLJDWHWKHIDFWRUVZKLFKLQIOXHQFHWKHPDVVDQGKHDWWUDQVIHUSHUIRUPDQFHVLQPLFURWXEH
H[FKDQJHULQZKLFKWKHKHDWWUDQVIHUXQLWLVDWXEHEXQGOH7KURXJKWKHH[SHULPHQWVWKHKHDWWUDQVIHUSHUIRUPDQFH
RIPLFURWXEHH[FKDQJHULVLQYHVWLJDWHG
3UHSDUDWLRQ
0DQ\VWXGLHV>@UHYHDOHGWKDWGXHWRWKHWXEHDUUDQJHPHQWLQWUDGLWLRQDOKHDWH[FKDQJHULWLVYHU\GLIILFXOWWR
UHDOL]HXQLIRUPIORZLQWKHVKHOOVLGH7KDWPHDQVQRWDOOWKHKHDWWUDQVIHUWXEHVDUHVXUURXQGHGE\VKHOOVLGHIOXLG
DQGVRPHWXEHVHYHQKDVQRFRQWULEXWLRQWRKHDWWUDQVIHU7RPDNHIXOOXVHRIWKHWXEHVZHFRQVLGHUWKDWWKHVKHOO
VLGHIORZLQDF\OLQGULFDOVKHOOLVQRWDVKRPRJHQHRXVDVWKDWLQDUHFWDQJXODUVKHOO$FFRUGLQJWRWKHDUUDQJHPHQWRI
WXEHV LQ WKH UHFWDQJXODU VKHOO DQG WKH SHULRGLF FKDUDFWHULVWLF RI IORZ ILHOG WKH VROLGIOXLG FRXSOLQJ KHDW WUDQVIHU
PRGHOFRQVLVWLQJRIDVLQJOHWXEHVHFWLRQDQGWKHRXWHUDQGLQQHUIOXLGVZDVGHYHORSHGWRUHSUHVHQWWKHZKROHKHDW
H[FKDQJHU>UHI@,QFRQVLGHUDWLRQWKDWWKHH[SHULPHQWVDUHFDUULHGRXWXQGHUDWPRVSKHULFSUHVVXUHZHGHYHORSHGD
UHFWDQJXODUVKHOOFRPSRVHGRIVL[SODWHVZLWKVRPHQR]]OHV6HDOLQJJURRYHVDUHXVHG WRFRQVWUXFW WKHKH[DKHGUDO
VKHOORI WKHPLQLKHDWH[FKDQJHUEDVHGRQEROWHGFRQQHFWLRQVDQGWKHXQLWVDUHHDVLO\ WREHGLVDVVHPEOHGWKDW WKH
KHDW WUDQVIHU DUUD\ FDQ EH UHSODFHG LI QHFHVVDU\ 7KH DUUDQJHPHQW RI PLFURWXEHV LV VLPLODU WR WKDW LQ WKH
FRQYHQWLRQDOPLFURVKHOODQGWXEHKHDWH[FKDQJHU
,QWKLVH[SHULPHQWWKHHIIHFWLYHOHQJWKRIPLFURWXEHLVPPOHQJWKRIWXEHLVWKHHIIHFWLYHGLVWDQFHEHWZHHQ
LQQHU VKHHWV DQG LWVPDWHULDO LVFRSSHUFRSSHU LVSXUSOH UHGPHWDO DQG WKH WKHUPDOFRQGXFWLYLW\ LVYHU\KLJK$W
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ćWKHWKHUPDOFRQGXFWLYLW\RIFRSSHUFDQUHDFKZPāN7KLVLVRQHRIWKHUHDVRQVZK\ZHFKRRVHFRSSHUDV
PLFURWXEHPDWHULDO


)LJD$UUDQJHPHQWRIWXEHVE6WUXFWXUHRIWKHGRXEOHGWXEHVKHHWV
7KHPLQLKHDWH[FKDQJHUGHYHORSHGIRUWKHH[SHULPHQWLVPDLQO\FRPSRVHGRIVKHOOWXEHVKHHWWXEHVDQGVRRQ
DVVKRZQLQ)LJD7KHVL[VKHOOSODWHVDUHPDGHRIVWDLQOHVVVWHHOWKHWXEHVKHHWVDUHPDGHRIRUJDQLFJODVVDQG
WKHWXEHVZHUHPDGHRIFRSSHU%HFDXVHRIWKHSRRUVWLIIQHVVRIWKHPLFURFRSSHUWXEHVERWKRIWKHWXEHLQOHWDQG
RXWOHW VLGHV DUH HTXLSSHG ZLWK GRXEOHG WXEH VKHHWV DV LOOXVWUDWHG LQ )LJE 7KH GRXEOHG WXEH VKHHWV QRW RQO\
LQFUHDVHWKHVXSSRUWVWLIIQHVVEXWDOVRFRQVWUXFWGRXEOHVWDJHVHDOLQJEHWZHHQWKHWXEHVDQGWKHWXEHVKHHWV
,QWKHKHDWWUDQVIHUSURFHVVWKHWKHUPDOIOXLGZHUHSXVKHGLQWRWXEHVWKURXJKWKHQR]]OHIORZLQWXEHVDQGFRPH
RXWRQWKHRWKHUVLGH7KHFROGIOXLGJHWVLQWRVKHOOVLGHWKURXJKQR]]OHRQWKHVKHOO LQWKHVKHOOVLGHKHDWH[FKDQJH
KDSSHQVEHWZHHQFROGDQGWKHUPDOIOXLGWKURXJKWKHWXEHVZDOOWKHQFROGOLTXLGIORZVRXWIURPWKHRWKHUHQGRIWKH
VKHOOVLGH
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:LGWKRIVKHOOPP 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7KHRQHSLHFHWHPSHUDWXUHWUDQVPLWWHULVXVHGWRPHDVXUHWKHLQOHWDQGRXWOHWWHPSHUDWXUHVDQGLWVUDQJHLVIURP
WRćDQGWKHDFFXUDF\LV


)LJ7KHDVVHPEOHGPLFURWXEHKHDWH[FKDQJHU
7KHDVVHPEOLQJRIWKHPLQLKHDWH[FKDQJHULVDYHU\WLPHFRQVXPLQJZRUN7RFRQQHFWWKHWXEHVZLWKWXEHVKHHW
LVRIJUHDWLPSRUWDQFH:HXVHGDNLQGRIJOXHZDWHUWKHILOOWKHJDSEHWZHHQWKHWXEHDQGWKHWXEHVKHHWKROH7KH
DVVHPEOHG KHDW H[FKDQJHU FDQ EH VHHQ LQ )LJ  DQG EHIRUH WKH H[SHULPHQW LV FDUULHG RXW WKH WKHUPDO LQVXODWLQJ
PDWHULDOLVXVHGWRFRYHUWKHKHDWH[FKDQJHU
([SHULPHQWDOUHVXOWDQDO\VLV
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.7KUHHWHPSHUDWXUHVRIWXEHVLGHIOXLGZHUHYDOXHGVXFK
DVDQG.DQGWXEHVLGHIORZUDWH LVYDOXHGDVDQGOPLQUHVSHFWLYHO\7KHH[SHULPHQWDO
UHVXOWVDUHOLVWHGLQ7DEOH
7DEOH([SHULPHQWDOUHVXOWV
7WDQN +Z 7WL 7WR 7VL 7VR
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Ttank LVRXWOHWWHPSHUDWXUHRIWKHWDQN. Hw LVWXEHVLGHIORZOK TtiLVLQOHWWHPSHUDWXUHRIWXEHVLGHIOXLG. 
Tto LV RXWOHW WHPSHUDWXUH RI WKH WXEHV . Tsi DQG Tso LV LQOHW DQG RXWOHW WHPSHUDWXUHV RI WKH VKHOOVLGH IOXLG
UHVSHFWLYHO\.
Ttank LVDOLWWOHODUJHUWKDQTtiKHDWORVVRIWKHSLSHEHWZHHQWKHWDQNDQGWKHWXEHVLGHLQOHWQR]]OH
)URPWKHWHVWUHVXOWVVKRZQLQ7DEOHLWFDQEHVHHQWKDWWKHUHLVQRSKDVHFKDQJHLQWKHPLFURWXEHVVRLWLVD
VLQJOHSKDVHIRUFHGFRQYHFWLRQKHDWWUDQVIHULQWKHKHDWH[FKDQJHU
7KHHIIHFWLYHKHDWWUDQVIHUDUHDRIPLFURWXEHVKHDWH[FKDQJHUFDQEHFDOFXODWHGE\
ldnA oS H   
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ZKHUH n LV WKH QXPEHU RIPLFURWXEHVdo LV WKH RXWHU GLDPHWHU RI WKH WXEHV l LV WKH OHQJWK RI WKH WXEHV 6R WKH
ORJDULWKPLFPHDQWHPSHUDWXUHGLIIHUHQFHRIWKHPLFURWXEHVKHDWH[FKDQJHUFDQEHFDOFXODWHGE\
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